Background-Ambient particular matter (PM) exposure has been associated with short-and long-term effects on cardiovascular disease (CVD). Telomere length (TL) is a biomarker of CVD risk that is modified by inflammation and oxidative stress, two key pathways for PM effects. Whether PM exposure modifies TL is largely unexplored.
Introduction
Epidemiological studies have consistently linked both short-and long-term exposure to ambient particulate matter (PM) to increased morbidity and mortality from cardiorespiratory disease (Brook et al. 2010; Chen et al. 2008; Dockery et al. 1993; Hassing et al. 2009; Ling and van Eeden 2009; Turner et al. 2011; Weinmayr et al. 2010) . Increased oxidative stress and inflammation are two major mechanisms involved in mediating PM effects on human health (Chuang et al. 2007; Schwartz 2001; Seaton et al. 1995) . Telomeres are composed of repeated TTAGGG segments of DNA located at the ends of chromosomes. These repeated sequences prevent degradation of DNA by exonucleases, unwanted recombination of chromosomes, and loss of genes by DNA replication (von Zglinicki 2002) . The telomeric DNA regions at the ends of chromosomes appear to be particularly sensitive to reactive oxygen species (ROS) damage (Monaghan 2010) . Telomere length (TL) decreases with age, and individuals with shorter telomeres in peripheral blood leukocytes (PBLs) show comparatively higher long-term risk of cardiovascular and respiratory disease (Cawthon et al. 2003; Epel et al. 2009; Fitzpatrick et al. 2007; Houben et al. 2009; Starr et al. 2008) .
Several experiments have also shown that during acute inflammation, TL undergoes a transient increase (Weng et al. 1997) . For inflammatory cells, the capacity for extensive cell division and clonal expansion is crucial to generate an effective response (Hodes et al. 2002) . Cells with shortened telomeres lose their ability to divide and become senescent or undergo apoptosis (Blackburn 2001) . In contrast, longer telomeres guarantee cell capacity for rapid proliferation (Hodes et al. 2002) . These mechanisms have been demonstrated in lymphocytic subpopulations involved in acute inflammation, including in peripheral blood (Norrback et al. 1996; Weng et al. 1998 ). Short exposures to high levels of PM have been suggested to trigger acute events, such as acute myocardial infarction and asthma attacks (Brook et al. 2010; Weinmayr et al. 2010) . Longer and protracted PM exposures have been shown to increase the risk of chronic diseases such as atherosclerosis, chronic obstructive pulmonary disease, and lung cancer (Brook et al. 2010; Chen et al. 2008; Ling and van Eeden 2009; Turner et al. 2011) . Because of the direct biological links of oxidative stress and inflammation with both telomere lengthening and shortening, the time-dependent relations between PM exposure and TL hold substantial promises to identify novel mechanisms and biomarkers that may help to understand the acute and chronic health effects of air pollution.
Evidence on PM exposure and TL has begun to accumulate, with inconsistent results based on two recent studies showing shorter (McCracken et al. 2010) or longer (Dioni et al. 2011) TL in relation to PM exposure. A study on elderly individuals in Eastern Massachusetts showed that long-term (1-year) exposure to air particles from vehicular traffic was associated with reduced TL in PBLs (McCracken et al. 2010 ). However, a recent study of foundry workers with high exposure to metal-rich PM showed a rapid and significant increase in blood TL after three days of exposure to PM in the foundry (Dioni et al. 2011) . Whether the inconsistency in these results is due to the duration or type of exposure is still undetermined.
Beijing is one of the most polluted cities in the world (World Bank, 2011) . Traffic-derived air pollution is critical in Beijing due to very high population density, rapid increase in vehicular traffic, and limited emission control. Investigating individuals exposed to high levels of PM, such as those found in Beijing, may help to identify biomarker changes that might not be easily detectable in populations with lower exposure levels. In the present study, we aimed at investigating the time-dependent relationship of personal and ambient PM exposure measures with blood TL in truck drivers and indoor workers in Beijing, China.
Methods

Study population and design
For the 2008 Beijing Olympic Games, the Chinese authorities made concerted efforts to lower air pollution, including reducing the number of cars in the city and enforcing stringent emission standards for vehicles. The Beijing Truck Driver Air Pollution Study, conducted shortly before the Beijing Olympic Games (from June 15 to July 27, 2008), included 60 truck drivers and 60 indoor office workers. Because PM levels are highly variable on a dayto-day basis, we examined all subjects on two independent work days with 1-2 weeks intervals. All study participants had been on their current jobs for at least two years. The two groups were matched by sex, smoking and education, and partially (5-year intervals) by age. All study subjects lived in housing provided by their employers that were located nearby their offices or the truck-driver garages to avoid changes in blood pressure (BP), lung function, and heart rate related to the commuting. In-person interviews were conducted to collect information on demographics, lifestyle, and other exposures through a detailed questionnaire. Information on time-varying factors including tea, alcohol and smoking was obtained for past usual exposure, as well as on each examination day. Individual written informed consent was obtained from all participants prior to enrollment in the study. Institutional Review Board approval was obtained at all participating institutions.
Personal exposure measurements
We measured personal PM 2.5 on both examination days using small-sized gravimetric samplers worn by the study subjects during the 8 hours of work. The sampler was carried in a belt pack with the inlet clipped near the breathing zone. Each sampler setup included an Apex pump (Casella Inc., Bedford, UK), a Triplex Sharp-Cut Cyclone (BGI Inc., Waltham, Massachusetts), and a 37-mm Teflon filter placed on top of a drain disc and inside a metal filter holder. The filters were kept under atmosphere-controlled conditions before and after sampling and were weighed with a microbalance (Mettler-Toledo Inc., Columbus, Ohio, USA). A time-weighted average of PM 2.5 concentration was recorded by dividing the change in filter weight before and after sampling by the volume of air sampled. We found high reproducibility of PM 2.5 measures (r=0.944) in replicate measures on a subset of 24 subjects who wore two monitors at the same time (Supplementary Figure 1) . The blackness of the same filters used to measure PM 2.5 was assessed using an EEL Model M43D Smokestain Reflectometer, applying the standard black-smoke index calculations of the absorption coefficients based on reflectance (ISO 1993) . We assumed a factor of 1.0 for converting the absorption coefficient to EC mass (Janssen et al. 2001; Kinney et al. 2000) , which was then divided by the sampled air volume to calculate average EC exposure concentration (ISO 1993) . EC is a combustion by-product contained in PM that has been used as a surrogate measure for PM from gasoline-and especially diesel-powered motor vehicles (Kinney et al. 2000) .
Ambient PM 10 data
Ambient PM 10 data during the study period were obtained from the Beijing Municipal Environmental Bureau (http://www.bjepb.gov.cn/air2008/Air.aspx). We used daily averages of PM 10 computed from data obtained from 27 monitoring stations to estimate the average PM 10 level in Beijing. The monitoring stations are distributed across the area to represent Beijing city. Whereas personal PM 2.5 and EC were measured only during work hours on examination days, ambient PM 10 data are collected daily in Beijing. We used ambient PM 10 data to reconstruct average exposures in Beijing on the days of the examination, as well as on the days leading to the examination days, thus allowing for testing effects on TL from longer time-windows of exposures than those captured by the personal monitors. We used multiple averaging time windows, which included the examination day (24 hour average), 1-day mean (24 hour average of the day before the examinations), as well as averages of the 24 hour means of 1-2 days, 1-5 days, 1-7 days, 1-10 days and 1-14 days before the examinations. We obtained daily outdoor temperature data for Beijing city from the National Oceanic and Atmospheric Administration online database (NOAA).
Blood collection, processing, and DNA extraction
We collected 12 ml blood at the end of each examination day from each participant. Buffy coat was separated within 2 hours and stored at −80°C until DNA extraction. DNA was extracted using the Wizard Genomic DNA purification kit (Promega, Madison, WI) following the manufacturer's instructions. Purified DNA was resuspended on the kit hydration solution, quantified and stored at −20°C until analysis.
Telomere length (TL) measurement
We measured blood TL using the real-time quantitative PCR method developed by Cawthon (Cawthon 2002 ) with minor adaptations (Hoxha et al. 2009 ). This method measures the relative TL in genomic DNA by determining the ratio of telomere repeat copy number (T) to single copy gene (S) copy number (T/S ratio) in experimental samples relative to a reference sample. The T (telomere) and S (human beta-globin) PCR mix, and the thermal cycling profile for both amplicons were previously described (Hoxha et al. 2009 ). We used pooled control DNA samples from 20 randomly-selected indoor workers from this same study to create a fresh standard curve, ranging from 8 ng/ l to 0.25 ng/ l, in every T and S PCR runs. All samples contained E. Coli DNA heated at 96°C × 10 minutes and cooled at room temperature. 15 ng of DNA samples was added to each reaction (final volume 20 l). All PCRs were performed in triplicate on a DNA Engine Thermal Cycler Chromo4 (Bio-Rad, Hercules, California, USA). DNA samples of truck drivers and office workers were interspersed across PCR plates to limit any potential plate effect bias. The intra-assay coefficient of variation (CV) for the T/S ratio in the present study was 8.1%. The RT-PCR reactions mean efficiency for telomere and hbg reactions were 99.5% and 97.5%, respectively.
Statistical analysis
Standard descriptive statistics were used to present the characteristics of truck drivers and office workers. TL was log-transformed to approximate a normal distribution. For variables that did not vary between the two examinations, such as age, sex, and usual smoking habits, differences in participant characteristics between the two groups were tested using Student's t-tests and chi-squares. For variables that varied between the two examinations, such as tea consumption or number of cigarettes smoked on each examination day, we evaluated differences between the two groups using mixed-effect regression models (PROC MIXED in SAS 9.2, SAS Institute Inc., Cary, NC). Similarly, we used mixed-effect regression models to test the differences between groups and estimate group-specific means and 95% Confidence Intervals (CIs). We fitted unadjusted mixed-effect models as well as models adjusted for variables either not matched or not completely matched by design between the two groups, i.e. age, BMI (continuous), cigarettes smoked during examination time (continuous), day of the week (one indicator variable per day), usage of central heating (yes/ no), time used for commuting to work (continuous), temperature (continuous) and dew point values (continuous). The mixed-effect regression models were:
where 0 is the overall intercept; 1 is the regression coefficient for the group; 2 … n are the regression coefficients for the time-dependent covariates included in multivariate models; 1 … n are the regression coefficients for the time-independent covariates included in multivariate models; j is the random effect for the subject; j represents the subject; i identifies the workday and e ij is the residual error term.
We also used mixed-effect models adjusted for age, sex, BMI, cigarettes smoked during examination time, day of the week, usage of central heating, time used for commuting to work, temperature and dew point to evaluate the associations of personal PM 2.5 , personal BC, and ambient PM 10 variables with TL. Ambient PM 10 was evaluated over different time windows ranging from the average levels on the examination day up to the average of 1-14 days prior to the examinations. In each of the models we fitted variables for temperature and dew points corresponding to the time window used for the particle variable. The mixedeffect models were:
where 0 is the overall intercept; 1 is the regression coefficient for exposure variable (EC, PM 2.5, or PM 10 ); 2 and 3 are the regression coefficients of the mean temperature and dew point, respectively, on the days of interest; 3 … n are the regression coefficients for the time-dependent covariates included in multivariate models; 1 … n are the regression coefficients for the time-independent covariates included in multivariate models; j is the random effect for the subject; j represents the subject; i represents the examination day, and e ij is the residual error term. A two-sided alpha level of less than 0.05 was considered significant. All analyses were performed in SAS 9.2 (SAS Institute Inc., Cary, NC).
Results
Characteristics of study subjects
The characteristics of the 60 office workers and 60 truck drivers are shown in Table 1 . Truck drivers were moderately, but significantly older than office workers. Truck drivers had higher BMI, reported more pack-years of smoking, smoked more cigarettes during the examination time, and included a higher proportion of usual alcohol drinkers, as well as of tea consumption.
3.2. Personal PM 2.5 and EC, and ambient PM 10 levels Table 2 shows the levels and distribution of personal time-weighted average exposure to PM 2.5 and EC estimated during 8 work hours, as well as the mean levels of ambient PM 10 on the examination day and over 14 days before the examination. Average personal PM 2.5 was 126.8 g/m 3 for truck drivers and 94.6 g/m 3 for office workers (p<0.001). Average personal EC was 17.3 g/m 3 for truck drivers and 13.1 g/m 3 for office workers (p<0.001).
As expected, the levels of ambient PM 10 in the city of Beijing on the examination day as well as on the days before the examinations did not differ between truck drivers and office workers (Table 2) .
Telomere length in truck drivers and office workers
In unadjusted analyses, no statistically significant differences in TL were found between the two groups (Table 3 ). In models adjusted by age, BMI, number of cigarettes smoked during examination time, day of the week, usage of central heating, time used for commuting to work, temperature and dew point, the TL mean was significantly higher in truck drivers (0.87, 95%CI: 0.74; 1.03) than in office workers (0.79, 95%CI: 0.67; 0.93; p=0.002) ( Table  3) . Table 4 shows the associations of TL with the levels of personal PM 2.5 and EC, and with the levels of ambient PM 10 . We expressed all results as percent changes in TL associated with an increase equal to the interquartile range (p75-p25) in the exposure variable. All results are adjusted by multiple covariates. In all subjects combined, personal PM 2.5 exposure during the eight work hours on the examination days was associated with a 5.2% (95%CI: 1.5; 9.1) increase in TL (p=0.007). The TL increase was equal to 6.5% (95%CI: 1.9; 11.4; p<0.001) in office workers, whereas truck drivers showed a 2.1% non-significant change (95%CI: −5.0; 9.8; p=0.57). In all subjects combined, personal EC exposure during the eight work hours on the examination days was associated with a 4.9% (95%CI: 1.2; 8.8) increase in TL (p=0.01). The TL increase was equal to 10.4% (95%CI: 4.1; 17.1; p=0.002) in office workers, whereas truck drivers showed a 0.4% non-significant change (95%CI: −4.9; 6.1; p=0.88).
Telomere length and levels of personal and ambient air particles exposure
By examining the levels of PM 10 on and prior to the examinations days, we found that the 24-hour average of ambient levels of PM 10 on the examination day was associated with increased TL in all subjects combined (7.7%, 95%CI: 3.7; 11.9, p<0.001), as well as in office workers (8.6%, 95%CI: 3.2; 14.3, p=0.003) and truck drivers (8.0%, 95%CI: 1.7; 14.6, p=0.02), respectively. We also found the average PM 10 over 2 days before the examinations associated with increased TL in all subjects combined (8.1%, 95%CI: 3.1; 13.3, p=0.002), as well as in office workers (10.1%, 95%CI: 3.8; 16.8, p=0.002) and marginally in truck drivers (7.8%, 95%CI: −0.2; 16.3, p=0.06). However, the exposurerelated increase in TL appeared to decrease in association with longer (up to 10 days) exposure averaging times.
When TL was correlated with PM 10 levels averaged over the 14 days before the day of the examination, we found a negative association equal to a −9.9% change (95%CI: −17.6; −1.5, p=0.02) in all subjects combined (Table 4 ). The association was weaker in office workers (−3.2%, 95%CI: −14.9; 10.1, p=0.62), and stronger and statistically significant in truck drivers alone (−13.4%, 95%CI: −24.2; −1.1, p=0.04).
In this study population, we have previously examined the effects of ambient and personal PM exposure on BP, finding a delayed effect of ambient PM 10 on BP . We examined the correlations of TL with BP and other risk factors, such as age and BMI. We observed an inverse association of TL with systolic BP (p=0.007) and diastolic BP (p<0.001), but not with other risk factors (Supplementary Table 1 ). In addition, we observed that men had shorter TL than women in this study population (log TL=0.153 for men, and log TL= 0.237 for women, p=0.016). We further examined interactions between PM and sex on TL by adding an interaction term in the model. Statistical significance for interaction was assessed by the likelihood-ratio test comparing the models with and without the interaction term (Hosmer and Lemeshow 2000) . We did not observe significant interaction between PM and sex on TL (Supplementary Table 2 ).
DISCUSSION
In the present investigation, we showed that levels of personal PM 2.5 and EC during work hours on the examination days, as well as of ambient PM 10 on or 1-2 days prior to the examinations were associated with increased TL. We observed no statistically significant associations of TL with ambient PM 10 levels averaged over 1-5 days or 1-10 days before the examinations. However, we found a significant negative association of TL with the average of PM 10 levels over 1-14 days prior to the examinations. In addition, truck drivers had longer TL than office workers in covariate-adjusted analyses.
Associations of ambient air pollution -both short-term peaks and long-term exposureswith health outcomes, including cardiovascular and respiratory disease, have been consistently reported in a number of epidemiological studies. Inflammation and oxidative stress have been suggested as central mediators in the hypothesized biological mechanisms (Brook et al. 2010; Chuang et al. 2007; Schwartz 2001; Seaton et al. 1995) . There is also consistent evidence that particle exposure induces oxidative DNA damage, and human panel studies have linked guanine oxidation, in particular, with particle exposure (GonzalezFlecha 2004; Risom et al. 2005) . Oxidative stress induced by PM may arise from direct contact with reactive oxygen species on the surface of particles that are inhaled in the lungs, soluble compounds such as transition metals or organic compounds that reach the bloodstream, or activation of inflammatory cells that can generate reactive oxygen species (Risom et al. 2005) . Telomeres naturally shorten with increasing age, and such process can be accelerated by chronic inflammation and increased oxidative stress (Hou and Gawron 2010; Jennings et al. 2000; Schonland et al. 2003; Valdes et al. 2005; von Zglinicki 2002; Wu et al. 2003) . Because of high guanine content in specific telomere sequences, telomeres are remarkably sensitive to damage by oxidative stress (Houben et al. 2008 ) and telomeric DNA is deficient in the repair of single-strand breaks induced by oxidative DNA damage (Honda et al. 2001; Meeker et al. 2004; von Zglinicki 2002) . TL attrition due to inflammation and oxidative stress is counteracted by telomerase, an enzymatic activity that plays a key role in stabilizing telomeres by adding hexameric (TTAGGG) repeats to the telomeric ends of the chromosomes (Hug and Lingner 2006) . Telomerase activity can be detected in certain somatic tissues, including blood leukocytes (Hodes et al. 2002; Ornish et al. 2008; Sampedro Camarena et al. 2007) . Therefore, telomeric DNA in blood leukocytes is dynamic, and TL results from the balance between processes that shorten telomeres and telomerase-dependent elongation of telomeres (Smogorzewska and de Lange 2004; Teixeira et al. 2004 ).
To date, two studies have examined the effects of PM exposure and blood leukocyte TL (Dioni et al. 2011; McCracken et al. 2010) . Similar to the results in the present study on personal exposures on the examination days and short-term averages of ambient PM 10 (1-2 days or shorter), a recent investigation by Dioni et al. (Dioni et al. 2011 ) showed a rapid and significant increase in blood TL after three days of exposure among foundry workers with high levels of PM exposure. In contrast, in non-smokers from the Boston area Normative Aging Study, McCracken et al. showed shortened blood leukocyte TL in association with higher levels of long-term exposure to black carbon -a tracer of PM from vehicular traffic emissions equivalent to EC -estimated as average ambient levels in the year before the examination at the participants' residences (McCracken et al. 2010) . In line with the study by McCracken et al., we also found that longer exposure to PM (14-day average of ambient PM 10 ) is associated with decreased TL. Our findings, interpreted together with previous studies, indicate that short-term PM exposures might produce an acute increase in TL that could participate in sustaining the inflammatory mechanisms associated with acute PM health effects (Dioni et al. 2011) . Longer exposures might cause telomere shortening, which, as suggested by longitudinal studies linking shorter PBL TL with increased long-term risk of cardiovascular and respiratory disease (Cawthon et al. 2003; Epel et al. 2009; Fitzpatrick et al. 2007; Houben et al. 2009; Starr et al. 2008) , may contribute to or at least serve as a biological marker of PM-related chronic diseases.
In this study population, we previously reported a delayed effect of ambient PM 10 on BP . Our finding of an inverse association of TL with both systolic and diastolic BP is in line with previous studies, showing an inverse correlation between TL in blood and BP (Fitzpatrick et al. 2007; Jeanclos et al. 2000) . Two other studies have shown that hypertension is associated with telomere shortening in Japanese (Nakashima et al. 2004) and Indian population (Bhupatiraju et al. 2012) . It is possible that higher blood pressure may lead to shorter TL. Larger prospective studies are needed to understand the temporal relationships between air pollution, BP, and TL. Our observation that men have shorter TL than women is consistent with previous reports showing shorter TL in men than women (Jeanclos et al. 2000; Mayer et al. 2006) . Okuda found there is no sex-related difference in TL at birth (Okuda et al. 2002) . However, males had higher attrition rates, which may result in shorter TL in men compared with that in women (Mayer et al. 2006) . Also the antioxidative capacity of estrogen may contribute to TL maintenance in women (Aviv 2002) . However, the exact underlying mechanisms are still largely unknown.
We found longer TL in truck drivers compared to indoor workers after adjusting for potential confounders. Because our samples were collected right after work and truck drivers had higher exposure, we hypothesize that the observed longer TL in truck drivers is attributable to the acute increase in TL associated with short-term PM exposures. However, we cannot exclude that other unmeasured characteristics, that were different between the two groups may have also served a role in affecting TL, including lifestyle factors or other environmental exposures (Cassidy et al. 2010; Hou et al. 2012; Ornish et al. 2008 ). Further larger and longitudinal studies by including such factors will certainly help to determine the time-and exposure-dependent components of TL changes induced by PM exposure.
While our study population is not representative of populations globally, consistent internal validity and adjustment for the various lifestyle factors and demographic characteristics in this investigation allow for moderate generalizability. Our study has several strengths. Our investigation had the advantage of having both personal and ambient measures of air pollution. We conducted technical validation of personal PM 2.5 measures that showed high reproducibility (r=0.944) of our measurements. All participants were evaluated using standardized protocols for blood collection and storage. Blood DNA samples were randomized across plates to limit potential bias from plate effects and laboratory personnel were blinded to exposure groups and exposure levels of the samples. We also recognize several limitations to our study. In our investigation, we did not examine inflammatory markers that may play important roles in both TL shortening and PM-related diseases, thus limiting our ability of understanding how inflammation interacts with PM-related TL changes. Further studies are needed to examine cytokines, in particular, IL2, IL4, IL6, IL8, and TNF that have been previously associated with PM exposure (Becker et al. 2005; Nurkiewicz et al. 2006; Nurkiewicz et al. 2011) , and high-sensitivity C-reactive protein (hs-CRP) to clarify the role of inflammation in the relation of TL with PM exposure. Because of the relatively small sample size, we cannot exclude false negative findings, as well as chance findings. Some of the differences in the associations with the exposures between truck drivers and office workers might be due to the small sample sizes of the two groups. In addition to using personal PM 2.5 and EC measures, we utilized stationary measures of ambient PM 10 , which are just a proxy of personal exposure. However, simulation studies have shown that the error introduced by using data from stationary monitors is highly unlikely to bias away from the null, and indicated that this exposure misclassification may lead to an underestimation of the health effects of air pollution (Zeger et al. 2000) .
CONCLUSIONS
Overall, our investigation provides evidence that short-term exposure to air pollution may increase TL, whereas longer exposure may lead to shorter TL. Both the rapid TL increase and the progressive time-dependent decrease in TL are potentially related to inflammatory and oxidative processes underlying the effects of PM on human health. Our findings, if confirmed in additional investigations, would substantially further our understanding of invivo TL biology and provide valuable information for the design and timing of blood sample collections for future studies of environmental effects on TL.
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